ABSTRACT. Sainfoin (Onobrychis viciifolia) is a perennial forage legume with great potential for use in sustainable agriculture due to its low input requirements, good drought tolerance, and production of forage rich in polyphenolic compounds, which are beneficial for animal health. However, its distribution and cultivation are limited due to its moderate agronomic performance and a general lack of well adapted, highly yielding cultivars. Faster progress in breeding is imperative, but is often hampered by the complex inheritance of traits and limited knowledge on the genetic composition of this tetraploid, outbreeding species. Molecular genetic tools might aid phenotypic selection; however, to date no information on marker-trait associations is available for sainfoin. Hence, the goal of the present study was to detect marker- trait associations in a biparental F 1 population. Single plants were screened for recently developed genetic markers and phenotyped for important agronomic traits and concentrations of different polyphenolic compounds. Significant trait-associated markers (TAM) were detected for plant height (11), plant vigor (1), and seed yield (7). These three traits were positively correlated with each other and shared some TAMs. Correlations among markers suggested that two independent loci control these three vigor-related traits. One additional, independent TAM was detected for the share of prodelphinidins in total condensed tannins. Our results provide insight into the genetic control of important traits of sainfoin, and the TAMs reported here could assist selection in combination with phenotypic assessment.
INTRODUCTION
The perennial, tetraploid legume sainfoin (Onobrychis viciifolia) has a long tradition as a valued forage source for working horses and other farm animals in Europe. With the cultivation of more productive species, application of inorganic fertilizers and the use of automated harvest systems, its cultivation decreased during the 20th century. Consequently, sainfoin has almost disappeared from current agricultural landscapes. However, the recently increased interest in more sustainable agricultural production makes this crop a valuable alternative for various reasons. First, sainfoin shows high tolerance to drought and low nutrient availability (Doyle et al., 1984) , making it a valuable option for less favorable sites, which are expected to increase due to larger climatic variability accompanying climate change. Second, it is capable of fixing atmospheric nitrogen via association with rhizobia, reducing the need for nitrogen fertilization and improving soil quality (Hill, 1980) . Third, as its most prominent feature, sainfoin contains a high concentration of beneficial secondary metabolites such as condensed tannins (CT, proanthocyanidins) and other polyphenolic compounds, which have anthelmintic properties against gut parasites, increase protein utilization, prevent bloating, and reduce methane emissions (McMahon et al., 2000; Hoste et al., 2012) . Hence, sainfoin has the potential to be a valuable ruminant feed.
However, despite its advantages, the wide cultivation of sainfoin is hampered by its often poor agronomic performance and the limited availability of varieties adapted to temperate climates (Goplen et al., 1991) . Major agronomic weaknesses also include poor competitive ability against weeds or companion species, slow establishment, low seed set, and weak persistence. Persistence is a complex trait that depends on several factors, of which plant vigor (strong and healthy growth) is a major determinant. In addition to plant vigor, plant height, leaf area, disease resistance, and seed production are also indicators for strength and capacity to survive and, consequently, to persist. Breeding improved varieties with regard to these agronomic traits is indispensable to increase farmers' acceptance of sainfoin and to promote its cultivation. Furthermore, targeted breeding for desired composition and concentrations of CT and other polyphenolic compounds in sainfoin is also desirable, because nutraceutical properties are consistent with the demands for future plant breeding to assist animal welfare and health (Humphreys, 2005) .
Sainfoin breeders have to contend with an allogamous (outbreeding) reproduction system, as is common in most forage species, and is often secured through self-incompatibility mechanisms (Humphreys, 2000; Posselt, 2010) . Hence, under the absence of efficient methods to induce self-fertilization or perform controlled crosses between inbred individuals, varieties are classically bred as open pollinated varieties or synthetics. Starting from selection of superior plants within a base population, this process of developing a new variety takes at least ten years (Posselt, 2010) . The resultant varieties exhibit high levels of genetic diversity, evoking a generally broad environmental adaptability. For sainfoin breeding, this large diversity presents an opportunity to select for superior genotypes improved for important traits such as persistence, seed yield and concentrations of CT, and other polyphenolic compounds (flavonols and their glycosides).
To date, information on the response of sainfoin to phenotypic selection and inheritance patterns of traits is scarce. Additionally, measuring complex traits, such as CT concentration and composition, is both complex and labor intensive (Engström et al., 2014) . In addition, determination of seed yield and plant vigor is labor intensive and usually requires field experiments over several years. Indirect selection can accelerate breeding, and can be performed using traits that are easily determined and correlated with the target trait, or via genetic markers linked to the trait of interest [marker assisted selection (MAS)]. The basic prerequisite for MAS is the availability of markers that are tightly linked to genes or quantitative trait loci (QTL). Such markers could be used to select for traits that are difficult to measure or dependent on the developmental stage, to maintain recessive alleles, to pyramid monogenic traits, and to speed up the breeding progress in general. In the case of polyploid species and traits subject to polygenic inheritance, both factors impede the efficient selection of genotypes based on their phenotype, and application of MAS would be especially valuable (Barrett et al., 2009) . Detection of potential QTLs in sainfoin would, therefore, be particularly promising to improve breeding progress.
In other forage plant species, several QTLs suitable for MAS have been identified, such as those for vigor and seed yield in white clover (Trifolium repens; Faville et al., 2003) , seed yield in red clover (Trifolium pratense; Herrmann et al., 2006) , or height and regrowth in alfalfa (Medicago sativa; Robins et al., 2007) . In sainfoin, adequate numbers of markers are not yet available and, consequently, no studies have been performed to detect marker-trait associations or QTLs. Marker systems that do not rely on prior DNA sequence information offer a valuable approach for the initial characterization of minor species that generally lack available sequence information. Sequence-related amplified polymorphism (SRAP), which preferentially amplify in gene rich regions (Li and Quiros, 2001) , have been successfully used for the molecular investigation of allogamy and autogamy in sainfoin (Kempf et al., 2015) . Recently, RNA transcriptome sequencing, using next-generation sequencing, has been successfully used to develop comprehensive simple sequence repeats (SSR) marker resources that can be applied to assess genetic diversity in sainfoin (Kempf et al., 2016; Mora-Ortiz et al., 2016) . In order to use these newly developed marker resources to identify possible marker trait associations in sainfoin, the objectives of the present study were to i) phenotype a biparental F 1 population of sainfoin for a wide range of traits under field conditions, ii) investigate correlations among agronomic and compositional traits, and iii) identify dominant SRAP and co-dominant SSR markers associated with phenotypic traits. Hence, the present study provides a first step towards MAS in sainfoin.
MATERIAL AND METHODS

Plant material
The plant material used in the present study consisted of a F 1 population (N = 122) from a biparental cross between two plants of the varieties Brunner (parent 1; Agroscope, Zurich, Switzerland) and Perdix (parent 2, Agroscope, Nyon, Switzerland), and the first generation of plants resulting from self-fertilization (S 1 progenies) of the two parents (N = 85 for parent 1; N = 30 for parent 2). Crossings (F 1 progenies) and selfings (S 1 progenies) have previously been identified using SSR and SRAP markers (Kempf et al., 2015) . The plant material was established in January 2012 by placing two sets of five clones of each parent in a greenhouse chamber for bumble bee pollinations (Bombus terrestris, "Bombus Maxi Hummeln", Andermatt Biocontrol, Switzerland). Seeds were harvested separately for each parent. Plants from pre-germinated seeds were then kept in the greenhouse for two months before being transplant as juvenile plants on the field site (Delley, Fribourg, Switzerland) in July 2012. All plants were randomly planted into rows of 10 plants, arranged in two rectangular blocks.
Phenotyping
Plants were grown in the field from 2012 to 2014, chemical composition was determined in 2012, and phenotyping of agronomic traits was performed in 2013. Due to a large loss of plants during the winter following the 2013 season, no phenotyping could be performed in 2014. Plant height was determined as the distance from the soil to the last leaflets of stretched plants in spring (HSp) and summer (HSu). Plant vigor (Vigor) was scored visually on a scale from 1 (very weak) to 9 (very strong). Susceptibility to rust disease (caused by Uromyces onobrychidis) was also visually scored on a scale from 1 (non-susceptible, no disease occurrence) to 9 (highly susceptible, high disease occurrence). Flowering time (FT) was recorded as the number of days after May 1st, when a plant showed three or more open flowers. Seed yield was measured as the total number of seeds per plant in 2013 (SN), as described by Kempf et al. (2015) .
In spring 2013, the chlorophyll content of leaves was measured non-destructively using a SPAD chlorophyll meter (Konica Minolta SPAD 502Plus, Tokyo, Japan). This device measures the transmittance of the leaf in the red and infrared regions reporting a unit-less index, which correlates with the relative quantity of chlorophyll in the leaf tissue (Castelli et al., 1996) . SPAD values (SPAD) were recorded on the uppermost fully developed leaf of each single plant, calculating the average of three measurements taken on three different leaflets outside the middle lamella. After taking SPAD measurements, the respective leaves were cut and their area (LA, cm 2 ) and length (LL, cm) were determined photographically: leaves were laid planar on a white paper and photographed with a full-frame (21 megapixel) digital singlelens reflex (DSLR) camera (EOS 5D MkII, Canon Inc., Tokyo, Japan), which was converted to a three-band vegetative stress camera (LDP LLD, Carlstadt, NJ, USA, www.maxmax. com), reporting normalized difference vegetation index (NDVI) values. On the basis of NDVI values, the image was separated into plant (high NDVI) and background (low NDVI) pixels, using a custom script within the R-environment (R Development Core Team, 2014) .
For chemical analysis, plant material (10 fully developed leafs per plant) was sampled in 2012 and immediately freeze dried. The concentrations of prodelphinidins and procyanidins, the flavonols quercetin, kaempferol, and myricetin (including their glycosides), as well as the polyphenolic acids quinic acid and gallic acid, were analyzed using ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS). The analysis was performed on an Acquity UPLC system (Waters Corp., Milford, MA, USA) coupled with a Xevo TQ triplequadrupole mass spectrometer (Waters Corp., Milford, MA, USA) according to the methods described by Engström et al. (2014) . The concentration of total CTs was calculated as the sum of the concentrations of its sub-constituents, prodelphinidins and procyanidins. The share of prodelphinidins in the total CT (PD-share) was calculated by dividing the concentration of prodelphinidins by the concentration of total CT.
Genotyping
A subsample of the plant material used for chemical analysis was taken for DNA analysis. The dried leaves were ground using a ball mill (Cell tissue Analyzer 2, Qiagen, Hilden, Germany). DNA was extracted with the Illustra TM DNA Extraction Kit PHYTOPURE (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) according to the manufacturer instructions. DNA concentration was measured by gel electrophoresis with a mass standard (High DNA Mass Ladder, Invitrogen TM , Life Technologies, Carlsbad, CA, USA). For genotyping, SRAP markers and SSR markers were employed. For the SRAP marker system, four fluorescently labeled forward (me1 to me4) and reverse (em1 to em4) primers were applied in 16 combinations in all plants, while sainfoin specific primers (Mora-Ortiz et al., 2016) were used for SSR analysis (Table S1 ). PCR and fragment analysis were performed as described in Kempf et al. (2015) using an iCycler (Bio-Rad, Hercules, CA, USA) and an ABI 3500 Genetic Analyzer (Applied Biosystems, Forster City, CA, USA). Allele counts for the SRAP markers were those used previously to analyze self-fertilization (Kempf et al., 2015) , and the approach of counting alleles present in one parent and absent in the other was followed. SSR marker data was analyzed de novo.
Statistical analysis
Trait-associated markers (TAM) were detected by marker regression within crossings and selfings of parent 2 [due to the low number of plants (N = 30), selfings of parent 1 were omitted from the analysis]. For the analysis, all SRAP and SSR alleles were coded based on their presence (1) or absence (0). P values of marker-trait correlations were obtained with one degree of freedom score test as implemented in the mmscore function of R-package GenABEL (Aulchenko et al., 2007; Chen and Abecasis, 2007) . To correct for multiple testing effects, Benjamini-Hochberg q-values were calculated based on the P values obtained using the function qvaluebh95 to obtain significance values for markers at a false discovery rate of 5%. Additionally, population structure within crossings and selfings was investigated. For this, pairwise genetic distances between individuals were calculated based on all marker alleles using the modified Rogers' distance D w (Wright, 1978) , which shows the extent of genetic diversity between two plants (Lee et al., 1989) , ranging from 0 to 1. Principal coordinate (PCO) analysis was then performed on D w values using the R function cmdscale (R Development Core Team, 2014) . PCO analysis indicated the presence of certain unexpected population structures in crossings ( Figure 1A ), which demanded a correction during marker regression. For this, the kinship matrix was calculated (only for crosses) as the proportion of shared alleles among plants (Eding and Meuwissen, 2001 ) using the R function ibs and was considered as a variance-covariance matrix to correct for random genotypic effects, using the maximum likelihood implementation in the polygenic function of the GenABEL package. No population structure was visible in neither selfing group ( Figure 1B, C) . Therefore, kinship was not corrected for during marker regression in selfings of parent 2. For traits with significant TAM, one-way ANOVA was performed to determine the proportion of explained variance and the effect of the TAM (difference between plants showing the presence and absence of the respective TAM). Correlations among phenotypic traits were calculated as Pearson's correlation coefficients. All statistical analyses and calculations were performed within the R-environment (R Development Core Team, 2014).
RESULTS
Large variation in agronomic traits
All agronomical traits showed clear segregation among the crossings (F 1 progenies), with observed values following a nearly normal distribution except for number of seeds (SN), which was positively skewed due to a large number of plants having less than 500 seeds per plant (Figure 2 ). Therefore, a logarithmic transformation was applied to SN [ln(SN)] when testing for TAM. To a lesser extent, rust susceptibility also deviated from normal distribution, caused by many plants showing a low rust susceptibility (score = 2). SN per plant ranged from 0 to 4608 and large variation was also observed for vigor-related traits such as Vigor, HSu, LA, and LL ( Figure 2 , Table 1 ). The difference between the earliest and latest flowering plant, as assessed by FT, was 46 days. For agronomic traits, the observed ranges of values were comparable between crosses and selfings except for SN, where selfings (mean/max value of 316/1114 in selfings of parent 1 and 447/1483 in selfings of parent 2) showed largely reduced seed numbers per plant compared to crosses (mean/max values of 1265/4608; Figures S1 and S2). The number of sequence related amplified polymorphism (SRAP) and simple sequence repeat (SSR) markers significantly associated with the traits are shown (# sig Marker). Agronomical traits are time of flowering (FT), plant height in spring and summer (HSp, HSu), plant vigor (Vigor), seed number per plant (SN), leaf area and length (LA, LL), chlorophyll content (SPAD), and susceptibility to rust diseases (Rust). Among compositional traits, CT gives the total concentration of condensed tannins and PD-share the share of prodelphinidins on the total CT. Table 1 .
Quantity and quality of condensed tannin varies among plants
Concentrations of polyphenolic compounds observed for crossings also showed a clear segregation, and were close to the normal distribution (Figure 2 ). For CT, concentrations ranged from 9.7 to 47.2 mg/g plant material, with a mean value of 27.0 mg/g, while the PDshare ranged from 0.76 to 0.93. (Table 1 ). Concentrations of polyphenolic compounds were also assessed in the parental plants, whereby parent 1 (Brunner) showed a CT concentration of 22.3 mg/g with PD-share of 0.88, while the corresponding values for parent 2 (Perdix) were 17.2 mg/g and 0.83, respectively (data not shown). The observed differences in the concentrations of polyphenolic compounds between crossings of parent 1 and parent 2 were also reflected by their respective selfings (Figures S1 and S2) . For all compounds except for quercetin, where the difference in the concentration between parents was low, selfings of the parent with the higher concentration also showed increased values compared to selfings of the parent with the lower concentration (data not shown). Apart from that, the range of the compositional traits was comparable between selfings and crosses.
Strong correlations among vigor related traits
Among agronomical traits, significant, positive correlations were observed among Vigor, HSp, HSu, and SN, with the correlation being strongest between HSp and HSu, (r = 0.76) and weakest between Vigor and HSp (r = 0.59; Table 2 ). These vigor-related traits were also positively correlated to LA and LL, but to a lower extent. FT was most strongly correlation with ln(SN) (r = -0.34), with later flowering plants exhibiting a lower seed yield. *P < 0.05; **P < 0.01. 
Weak correlations between agronomic and compositional traits
Among polyphenolic compounds, CT concentration was positively correlated with PD-share (r = 0.60), indicating that prodelphinidins were most important for total CT concentration levels (Table 3) . CT also showed weak, positive correlations to the other compounds, with the exception of kaempferol, which, together with myricetin, was negatively correlated to quinic acid. Correlations between agronomic and compositional traits were only significant in a few instances (Table 3) . Flowering time showed weak-to-moderate correlations with chemical composition, whereby later flowering was associated with higher concentrations of CT, quinic acid, and gallic acid, and lower concentrations of kaempferol and myricetin. Furthermore, Vigor, HSp, and SPAD showed weak, negative correlations to gallic acid concentrations. Correlations between selfings of parent 1 and parent 2 generally had lower significance levels due to the lower number of plants used (Tables S2 and S3) . However, the patterns of correlations observed were generally similar to those observed in crossings. *P < 0.05; **P < 0.01. Agronomical traits are time of flowering (FT), plant height in spring and summer (HSp, HSu), plant vigor (Vigor), seed number per plant (SN), leaf area and length (LA, LL), chlorophyll content (SPAD), and susceptibility to rust diseases (Rust). Among compositional traits, CT gives the total concentration of condensed tannins and PD-share the share of prodelphinidins on the total CT. 
TAMs were detected for three agronomic and one compositional traits
Across all individuals, 173 and 189 alleles were detected for the 16 SRAP and 48 SSR markers, respectively. In crossings, TAMs were detected for SN (7 TAM), HSu (11 TAM), Vigor (1 TAM), and PD-share (1 TAM, Tables 1 and 4), whereas no TAMs were found within selfings of parent 2 (data not shown). Analyses of logarithmic-and non-transformed values of SN revealed significant values for the same markers (data not shown), thus untransformed SN values are reported for simplicity. Among the observed TAMs, SSR markers were more frequently found to be linked to phenotypic traits (13 TAM) when compared to SRAP markers (7 TAM). TAMs associated to SN explained between 1.1 and 28.1% of the variation, where the presence of the allele had a positive effect on all SSR marker alleles +991 to 1448 seeds per plant) and a negative effect on the SRAP marker allele (-261 seeds per plant; Table 4 ). For HSu, values of explained variance for the 11 TAMs ranged from 4.4 to 28.6%, with the presence of the allele always having a positive effect and resulting in plants that were 7.9 to 25.6 cm taller. For compositional traits, only one TAM could be found for PD-share, with the SRAP marker allele explaining 12.3% of the observed phenotypic variance, and resulting in a slightly higher share of prodelphinidins. ***P < 0.001. Table 4 . P value, proportion of explained phenotypic variance (% expl. Var.), and effect size (Effect) of trait associated marker (TAM) alleles identified in F 1 progenies derived from of a cross between parent 1 and parent 2. Traits are seed number per plant (SN), plant height in summer (HSu), plant vigor (Vigor), and the share of prodelphinidins on the total amount of condensed tannins (PD-share). For the majority of TAMs detected in crossings, the marker allele was transferred from one parental plant only (data not shown). This is also reflected by the occurrence of the marker alleles in respective selfings, whereby almost all plants derived from one parent generally possessed the allele and plants derived from the other parent generally did not (Figures 3-5) . In crossings, the presence of TAM marker alleles mostly had a positive effect on plant performance, with only one SRAP marker-allele having a negative effect on seed yield. Due to the fact that plants of one selfing group generally possessed or lacked the respective markerallele, the effects of alleles from TAM detected in crossings could not be confirmed within selfings of the same parent.
Several TAMs showed associations with multiple, mainly vigor-related traits. For example, OVK_183_274 was associated with SN, Vigor, and HSu, while OVK_133_205, OVK_111_223 and OVK 155_255 were associated with HSu and SN. Correlations among TAMs associated with vigor related traits (SN, Vigor, and HSu) showed two main clusters of marker alleles with strong correlations within and weak correlations outside the clusters (Figure 6 ). The TAMs me4em3_356 (associated to SN) and me4em4_127 (associated to PDshare) showed no clear affiliation to either of the two clusters. 
DISCUSSION
The present study reports, for the first time, associations between genetic markers and phenotypic traits in sainfoin, representing a preliminary, but essential step towards MAS for this species. The information gained on TAMs, and on correlations among phenotypic traits, could help to increase efficiency in sainfoin breeding. For example, favorable marker alleles of TAM can be traced in potential parental plants from new varieties to increase their performance. Furthermore, the work effort required in the selection for complex traits such as seed yield might be reduced by selection for correlated traits such as plant vigor or height that can be more easily determined.
Detected trait variation as a basis for selection
The presence of sufficient variation in heritable traits is indispensable for the selection of superior individuals. In crossings, for flowering time, the difference between the earliest and latest flowering plant was more than 6 weeks (Table 1 ). This variation is larger than in other forage legumes like red clover, where the difference between the earliest and latest materials of a breeding program ranges between 2 and 3 weeks (Boller B, unpublished results). Hence, this variation indicates the potential to create early and late flowering varieties, adapted to different climate regions. Differences in Vigor, Hsu (83 cm), LA (28.2 cm 2 ), and LL (13 cm) were also substantial, indicating the potential to breed generally stronger plants with a higher chance of survival.
For concentrations of polyphenolic compounds, including total CT, large variation could be found among crossings (Table 1 ). This within-population variation for CT concentration (range = 37.5 mg/g) was higher compared to that observed in earlier studies that analyzed variation among different sainfoin varieties, where ranges of 24.5, 21.8, and 18.5 mg/g were observed (Azuhnwi et al., 2011 (Azuhnwi et al., , 2012 Malisch et al., 2015) . The benefit of most of the polyphenolic compounds analyzed in the present study is their antioxidant capacity and anthelmintic effectiveness (Thill et al., 2012) . Some individual compounds from these groups are considered more abundant and effective in their anthelmintic properties than others. For example, breeding for higher flavonol composition, i.e., quercetin and its glycoside rutin, might improve the anthelmintic capacity of the forage (Barrau et al., 2005) . The range of quercetin concentrations found in our study was between 5.8 and 32.1 mg/g (Table 1) , showing a very strong correlation (r = 0.99) to rutin concentration (data not shown), which is comparable to the range found by Malisch et al. (2015) in a panel of 27 diverse accessions (1.9 to 21.3 mg/g). This indicates the potential to increase the concentration of this active compound via selection in existing breeding pools or by introgression of more exotic material.
TAM detection and validation
PCO analysis ( Figure 1A ) revealed the existence of population structure, which would not be expected in traditional bi-parental mapping populations, as was the case for our F1 progenies. This could be due to the fact that samples were coded for the presence and absence of SRAP and SSR marker alleles, resulting in two classes of marker phenotypes. Hence, the actual genotype of plants could be biased by the negligence of the allele dose (simplex, 1000; duplex, 1100; triplex, 1110; and quadruplex, 1111). Another possible explanation could be preferential chromosome pairing, a phenomenon observed in allohexaploid wheat and other species, which is caused by the presence of pairing between control loci (Sears, 1976) . In the present study, using the kinship matrix as a variance-covariance matrix was a powerful tool to correct for such population structure effects when performing marker regression.
Detected TAMs and potential benefits
The three agronomical traits for which significant TAMs were found (SN, HSu, Vigor) are all related to general plant vigor, are moderately-to-strongly correlated among each other, and share the same TAM (Table 2 and Figure 6 ), indicating a pleiotropic mode of action for the potential underlying gene loci. Increased seed yield is crucial for sainfoin, and its selection via TAM would be highly effective. This is because, to date, seed yield can only be assessed after the year of establishment in the field, and is highly labor intensive. Furthermore, seed yield is strongly influenced by the environment (Nowosad et al., 2016) , reducing trait heritability and, therefore, the response to selection. An efficient strategy to increase seed yield might be to combine MAS using identified TAMs with indirect selection via positively correlated traits that are simple to determine. In our study, plant height (r = 0.47, 0.61) and vigor (r = 0.75) showed moderate-to-strong correlations with seed yield, i.e., more vigorous plants had a higher seed production potential, and could be used for the indirect selection of plants with increased seed yield. To a lower extent, indirect selection for higher seed yield is also possible by selecting genotypes with earlier flowering (r = -0.34).
For compositional traits, one significant TAM was identified for PD-share (Table 4 ). Our results show that it would not be possible to indirectly select for chemical composition via simple agronomic traits due to the weak correlations between these two groups of traits (Table 3 ). The single TAM found in our study that was associated with higher PD-share could, therefore, be useful to efficiently select plants with a higher PD concentration. This could be desirable, because PDs are thought to be the most beneficial compound of total CTs with the strongest antiparasitic activity (Mechineni et al., 2014) . Due to the positive correlation between the two traits (r = 0.60), MAS for PD-share would also increase the total concentration of CT.
Accuracy of TAM to infer the presence of QTLs in sainfoin populations
TAMs detected by simple marker regression are good indicators of the co-occurrence of a marker with QTL (Collard et al., 2005) . However, the exact location of the marker within the genome, and the assignment of several TAMs to the same or a different QTL remains unknown without verification in a linkage map; to date, this is not available for sainfoin. However, patterns of correlations among markers or marker alleles might provide an indication of the assignment of TAMs to potential QTL. For example, in perennial ryegrass (Lolium perenne), highly correlated markers (r = 0.95) linked to seed yield were found to be associated with the same QTL (Studer et al., 2008) . In our study, the two clusters of correlated TAMs suggested the existence of two different potential QTL regions for vigor-related traits, with five and eight associated TAMs, respectively ( Figure 6 ). One TAM (me4em3_356) associated with SN could not be assigned to either one of the two clusters and might, therefore, describe a third potential QTL region affecting seed yield (Figure 6 ). This was also the case for the TAM associated with PD-share (me4em4_525), which likely belongs to a different, independent QTL.
The number and effect size of TAMs or potential QTLs, respectively, detected in our study was comparable to results reported for other forage species. For seed yield, three QTLs were detected in red clover and two in perennial ryegrass, explaining a maximum 15.3 and 32.8% phenotypic trait variation, respectively (Herrmann et al., 2006; Studer et al., 2008) . This is comparable to 28.1% of the explained variance as observed in our study. For plant height, six QTLs were reported for perennial ryegrass, and five QTLs were reported for switchgrass (Panicum virgatum), explaining 27.9 and 17.4% of phenotypic variation, respectively, which is consistent with the 28.6% found in the present study (Studer et al., 2008; Serba et al., 2015) . For plant vigor in alfalfa, four QTLs were detected, explaining up to 23.3% of the phenotypic variance, which is close to the 23.9% found in the present study (McCord et al., 2014) .
The precision with which a QTL can be localized by a genetic marker locus is proportional to the number of sampled meiosis (each one providing the opportunity for recombination between the marker and the trait locus) and, therefore, depends on the type of population and its size (Mackay, 2001) . TAMs detected in our study are based on 122 F 1 progenies derived from crossing two non-inbred parental plants (parent 1, parent 2). Therefore, the number of meiotic divisions was limited to one per parental plant and progeny. A larger population size would have been desirable; however, due to the large number of self-fertilizations (Kempf et al., 2015) , and the generally low seed set, this could not be accomplished. Hence, due to the limited number of crossing-over events, larger parts of chromosome might be linked (and thus, always inherited together). Therefore, distances of observed TAM to the true QTL might be large, and it is likely that the association might be lost in the next generation of plants, when crossing-over occurs between the QTL and observed TAM (Humphreys, 2005) . For this reason and the allelic marker diversity between populations, the application of detected TAMs in other sainfoin populations might be challenging. However, they may still be useful in populations derived from crosses of one of the parents used in this study with other materials, e.g., for introgression of a given trait.
Future trends for sainfoin breeding and conclusions
Generally, some of the disadvantages associated with sainfoin could be compensated for by cultivation practices, e.g., by reducing competition from weeds and choosing appropriate companion plants to increase persistence. However, optimized cultivation practices cannot fully compensate the missing adaptation capacity of available sainfoin cultivars to diverse environmental conditions. Genetic improvement may, therefore, not be bypassed in the long term.
In this study, traits relevant for plant survival and reproduction were found to be positively correlated, showing potential for their simultaneous improvement via breeding. Furthermore, a subset of polymorphic SSR and SRAP markers showed its usability for screening populations consisting of self-and cross-fertilized progenies. Thereby, the identification of TAMs based on linear regression methods was feasible for vigor traits, seed yield, and one chemical compound. Those TAMs could be incorporated into sainfoin breeding programs.
In future studies on sainfoin breeding, more information on trait inheritance must be provided. It will be necessary to apply our marker systems to several, larger sainfoin populations with different genetic backgrounds. A further important step will be the establishment of linkage maps to gain information about the location of QTLs on the chromosome. The possibility of inbreeding, which was recently confirmed (Kempf et al., 2015) , could, thereby, enable the development of experimental F 2 mapping populations or recombinant inbred lines. With a larger number of sampled meiotic divisions, linkage mapping in such populations, in combination with an increased number of markers and individuals, might allow a more precise determination of QTL positions than would be currently possible with our F 1 population.
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authors thank Juha-Pekka Salminen and the natural chemistry research group (University of Turku, Finland) for providing the laboratory and assisting in data interpretation for the analysis of phenolic compounds. We thank Delley Seeds and Plants Ltd. for providing the field site and assisting in the field trial. Furthermore, we thank Sonja Reinhard, David Peditto, and Robert Spiess for assistance in marker analysis. Figure S1 . Frequency distribution of performance in agronomic traits and concentrations of phenolic compounds in 30 S 1 progenies derived from parent 1. Figure S2 . Frequency distribution of performance in agronomic traits and concentrations of phenolic compounds in 85 S1 progenies derived from parent 2. Table S1 . Forward and reverse primers for SSR (Kempf et al., 2016) and SRAP (Li and Quiros, 2001 ) markers used to test for marker trait associations. Table S2 . Pearson's correlation coefficients among phenotypic traits assessed in offspring derived from the selffertilization of parent 1 (P1). Agronomic traits assessed were vigor (Vigor), plant height in spring (HSp) and summer (HSu), flowering time (FT), seed number per plant (SN), sensitivity to rust (Rust), SPAD, leaf area (LA), and leaf length (LL), with the number in subscript representing the year of measurement (2012, 2013) . Quality traits were the concentration of condensed tannins (CT), prodelphinidin share (PD share), as well as concentration of quercetin, kaempferol, myricetin, quinic acid, and gallic acid. Numbers highlighted in green and red indicate that the corresponding correlation coefficients in offspring derived from cross-fertilization between parent 1 (P1) and parent 2 (P2) were at least 0.30 higher or lower, respectively. Table S3 . Pearson's correlation coefficients among phenotypic traits assessed in offspring derived from selffertilization of parent 2 (P2). Agronomic traits assessed are vigor (Vigor), plant height in spring (HSp) and summer (HSu), flowering time (FT), seed number per plant (SN), sensitivity to rust (Rust), SPAD, leaf area (LA), and leaf length (LL), with the number in subscript representing the year of measurement (2012, 2013) . Quality traits are concentration of condensed tannings (CT) and prodelphinidin share (PD-share), as well as concentration of quercetin, kaempferol, myricetin, quninic acid, and gallic acid. Numbers highlighted in green and red indicate that the corresponding correlation coefficients in offspring derived from cross-fertilization between parent 1 (P1) and parent 2 (P2) were at least 0.30 higher or lower, respectively.
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